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ABSTRACT The Formosan subterranean termite, Coptotermes formosanus Shiraki, is an invasive
species that originated in China and has been introduced to Hawaii and the U.S. mainland. Colonies
are headed either by a pair of reproductives (simple families) or by varying numbers of inbreeding
reproductives (extended families), and therefore have variable degrees of inbreeding. Worker size
also varies among colonies of Formosan termites. We tested whether variation in worker size can be
explained by the breeding system. Workers were collected from colonies from three geographically
separated populations (China, Hawaii, and Louisiana), and body weight and head size were measured.
Microsatellite genotyping was used to establish whether colonies were simple or extended families and
to determine the heterozygosity of workers and their degree of inbreeding relative to their colony (F¢,
sensitive to the number of reproductives). All Chinese colonies contained multiple inbreeding
neotenics. In Hawaii, 37% of the colonies were simple families and 63% were extended families, both
having considerable degrees of inbreeding. In Louisiana, 57% of the colonies were simple families,
which were mostly headed by unrelated pairs, and 43% were extended families. In simple families, size
and body weight of workers were not associated with Fi or heterozygosity. In extended families of
two populations, both size parameters were negatively correlated with Fi; however, heterozygosity
was not associated with worker size in any of the populations. This suggests that the number of
reproductives within colonies has a stronger influence on worker size than the individuals® genetic
diversity in Formosan subterranean termite colonies.
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Effects of inbreeding have been generally considered
negligible in subterranean termites (Bartz 1979, Ham-
ilton 1972, Roisin 1999), because the life cycle of this
group includes inbreeding among the colonies” off-
spring after the demise of the founding pair (Bartz
1979, Shellman-Reeve 1997). Colonies of subterra-
nean termites, such as the Formosan subterranean
termite, Coptotermes formosanus Shiraki, generally be-
gin as simple families headed by two primary (alate-
derived) reproductives that pair after mating flights
(King and Spink 1974, Su and Tamashiro 1987, Raina
et al. 2003). Eventually, the primary king and/or
queen will be replaced by varying numbers of neo-
tenics (non-alate-derived reproductives) from within
the colony; this replacement leads to extended fami-
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lies with different degrees of inbreeding depending on
the number of reproductives and the number of gen-
erations of inbreeding (Thorne et al. 1999, Bulmer et
al. 2001, Vargo et al. 2003a, 2006, Husseneder et al.
2005, 2007).

In addition to variable breeding systems and de-
grees of inbreeding, there is considerable variation in
worker size among colonies of C. formosanus (Su and
La Fage 1984, Grace et al. 1995, Cornelius and Osbrink
2001). This variation has been attributed to a number
of factors, including utilization of different host plants
and seasonal changes (Waller 1988) and colony age
and vigor (Shimizu 1962, Grace et al. 1995). The latter
two factors might be confounded by the degree of
inbreeding, because older colonies are believed to
have gone through more inbreeding cycles than
younger colonies. Husseneder et al. (2005) reported
the only indication of a relationship between worker
size and degree of inbreeding at the level of the col-
ony: worker body weight within colonies located in
New Orleans, LA, was negatively correlated with the
degree of inbreeding in individuals relative to others
in their colony (F;c). Although these data are sug-
gestive, a more detailed study of the relationship of
breeding system and worker size is warranted.
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In this study, we tested whether worker size is
influenced by the breeding system of the colony,
which was inferred from the genotypic make-up of the
workers. We correlated body weight and head width
of workers to a measure of inbreeding (F;c) known to
be highly sensitive to numbers of reproductives within
colonies (Thorne et al. 1999, Bulmer et al. 2001, Vargo
et al. 2006). Fc is the coefficient of inbreeding of
individuals compared with others in their colony and
measures the heterozygote deficit in individuals using
the colony as the reference population. As shown by
computer simulations (Thorne et al. 1999, Bulmer et
al. 2001), Fc is expected to be strongly negative in
outbred simple family colonies and extended families
with a low number of reproductives. F; approaches
zero with increasing numbers of neotenic reproduc-
tives in extended family colonies and becomes positive
with assortative mating among multiple groups of re-
productives within colonies or with mixing of individ-
uals from different colonies. F; does not necessarily
rise with increasing number of generations of inbreed-
ing (Thorne et al. 1999, Vargo et al. 2006), but is highly
sensitive to the number of functional reproductives
within a colony and to possible assortative mating
among reproductives (Thorne et al. 1999). F; does
not entirely correspond to the classic notion of in-
breeding, i.e., the lack of genetic diversity in offspring
of related parents. To test if worker size is influenced
by the degree of inbreeding in the classic sense of
genetic variability, we also correlated the average
head width and weight of workers to the mean level
of heterozygosity within colonies measured by the
proportion of heterozygous loci averaged over all in-
dividualsin each colony (Nei 1987). We also tested the
possibilities that worker size variation among colonies
could be caused by differences in the sex ratios of
foragers or by differences in the proportions of early
and late instars. Our results confirm a negative asso-
ciation between worker size and F in extended fam-
ily colonies, suggesting that the number of reproduc-
tives has a negative effect on the size of workers
produced in the colony.

Materials and Methods

Collections. Coptotermes formosanus is an invasive
species that has been introduced from its native range
in southeast China (Kistner 1985) to many parts of the
world. We studied three populations of the Formosan
subterranean termite from its native (city of Guang-
zhou, Guangdong Province, China) and introduced
range. The introduced range was represented by the
Island of Oahu, HI, where this termite has been es-
tablished since at least 1913 (Yates and Tamashiro
1999), and New Orleans, LA, where it was first de-
tected in 1966 (Spink 1967).

Termite workers were collected from 13-19 sample
sites from the three different populations. At least 50
workers were collected from each sample site, i.e.,
from inground monitoring stations (aggregation traps
containing cut wood or naturally infested wood). Ter-
mites were collected in August 1999 from 13 sample
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sites representing a population from the native range
of C. formosanus on the campus of the Zhongshan
University in the city of Guangzhou, Guangdong Prov-
ince, China. Termites from 19 sample sites on the
Island of Oahu, HI, representing the introduced range
of C. formosanus, were collected between 1999 and
2000. The distance between the sample sites ranged
between 120 m and 45 km (Husseneder and Grace
2001a, b). From the second introduced termite pop-
ulation in Louis Armstrong Park, New Orleans, LA,
workers were collected from 14 sample sites repre-
senting the foraging areas of different colonies (Mes-
senger et al. 2005, Husseneder et al. 2005) between
1999 and 2000. The termite population in Louis Arm-
strong Park has been the focus of previous studies of
colony dynamics, behavior, and elimination (Messen-
ger and Su 20052, b, Messenger et al. 2005, Husseneder
et al. 2003a, b, 2005). Because the effect of inbreeding
on worker size within colonies was not the focus of this
study, weight data (Messenger and Su 2005a) and
genetic data (Husseneder et al. 2005) had been col-
lected separately at different times under the assump-
tion that the studied inground monitoring stations still
contained the same colonies. Recent studies on ter-
mite colony dynamics in urban areas, however, re-
vealed considerable movement of colonies (Aluko and
Husseneder 2007). Therefore, the measurements of
worker sizes were repeated using the same samples
from which the genetic data were obtained. Data re-
garding the breeding system of the Louisiana colonies
have been published (Husseneder et al. 2005) and are
referenced in this study.

Body Weight and Head Width, Number of Anten-
nal Segments, and Sex of Workers. Weight and head
width were determined from 20 randomly selected
workers per colony that have been preserved in 95%
ethanol from all three populations. Weights of indi-
vidual workers were determined after letting the eth-
anol evaporate for several minutes until the weight of
the sample was stable. Head widths of workers were
measured at the widest point of the head capsule using
a dissecting scope (X80 magnification) with an ocular
micrometer. Measurements of workers from China
and Hawaii were performed at the University of Ha-
waii at Manoa (J. K. Grace’s laboratory) ; workers from
Louisiana were measured at the LSU Agricultural
Center (C. Husseneder’s laboratory). Units of mea-
surement were standardized before each set of mea-
surements by calibrating the ocular micrometer with
a stage micrometer scale (1 U ranged between 0.014
mm for samples from China and Hawaii and 0.028 mm
for samples from Louisiana). For the Louisiana pop-
ulation, the mean number of antennal segments,
which reflects the predominance of early or late in-
stars of workers (Higa 1981, Raina et al. 2004), was
determined for 20 individuals from each colony’s for-
ager population and tested for correlation with size of
workers and the breeding system of the colony
(Spearman’s rank correlation coefficient p; SPSS, Chi-
cago, IL). The sex of 20-25 late-instar workers was
determined by K. Matsuura, who examined external
abdominal characters under a stereomicroscope
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Table 1.

populations of the Formosan subterranean termite
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General statistics of the microsatellite loci used for genotyping of colonies from a native population (China) and two introduced

Allel size No. of alleles Ho He Ho He Ho He
Locus
range (bp)
China HI LA China HI LA

Cf 4:1A2-4 173-197 6 5 4 0.63 0.54 0.56 0.50 0.57 0.61
Cf 4-4 218-251 11 5 3 0.69 0.68 0.40 0.39 0.21 0.54
Cf 10-4 146-176 7 4 2 0.75 0.57 0.57 0.53 0.29 0.51
Cf 12-4 140-191 7 4 4 0.49 0.52 0.33 0.33 0.57 0.52
Cf 84 231-249 7 — — 0.65 0.50 — — — —
Rf 6-1 163-172 — 3 2 — — 0.37 0.35 0.36 0.30
Cf 4-10 233-245 5 — 3 0.58 0.50 — — 0.71 0.59
Cf 10-5 278-314 11 — 3 0.73 0.66 — — 0.71 0.64
Cf 4-9A 287-302 4 — 3 0.61 0.50 — — 0.71 0.61
Mean 7.25 4.20 3.00 0.64 0.56 0.45 0.42 0.52 0.54
SD 2.55 0.84 0.76 0.08 0.07 0.11 0.09 0.20 0.11

Locus designations follow Vargo and Henderson (2000).

HI, Hawaii; LA, Louisiana; Ho, observed heterozygosity; He, expected heterozygosity.

(SZXT7; Olympus, Tokyo, Japan) at X40 magnification
with a digital imaging system (FLVFS-LS; Flovel, To-
kyo, Japan). For females, the eighth sternite is reduced
and the seventh sternite enlarges posteriorly, with an
increasingly convex border, to overlap the eighth ster-
nite. For males, the seventh sternite is not enlarged
and sterna 8 and 9 are normally developed. For each
colony, we tested whether the sex ratio (number of
males/number of females) differed significantly from
1:1 (G-test; Sokal and Rohlf 1995) and whether the sex
ratio was correlated to the average body weight of
workers in the colony (Spearman’s rank correlation
coefficient p; SPSS).

Microsatellite Genotyping. DNA was extracted
from at least 20 individual workers per sample site
using the DNeasy Tissue Kit (Qiagen, Valencia, CA).
Individuals were scored at five (Hawaii) or eight mi-
crosatellite loci (China and Louisiana; Table 1). These
loci, in connection with the polymerase chain reaction
(PCR) conditions and genotype scoring procedures,
were previously described by Vargo and Henderson
(2000) and have been used in a number of popu-
lation genetic studies of C. formosanus (Vargo et al.
2003a, b, 2006, Husseneder et al. 2005, 2006, 2007).
Breeding systems of colonies from the Louisiana
population have been published in a different con-
text (Husseneder et al. 2005) but are referenced in
this study. General descriptive statistics, such as
numbers of alleles per locus, and observed versus
expected heterozygosity were calculated for each
colony and locus using the program FSTAT (Goudet
1995, 2001).

Colony Affiliation, Breeding System, F;c, and Het-
erozygosity. To determine colony affiliation, groups of
termites from different sample sites within the same
population were tested for significant genetic differ-
entiation using log-likelihood G-statistics (FSTAT;
Goudet 2001). P values were obtained through per-
mutations of the multilocus genotypes between each
pair of samples, and standard Bonferroni corrections
were applied. If genotypic frequencies of termite sam-
ples were significantly different, it was concluded that
sample sites belonged to the foraging areas of different

colonies (Vargo et al. 2003a, 2006, Aluko and Hus-
seneder 2007, Husseneder et al. 2005, 2007). We tested
whether colonies were headed by a single pair of
reproductives (simple family colonies) or multiple
reproductives (extended family colonies) based on
the worker genotypes (Vargo 2003a, b, Vargo et al.
2003a, 2006, Husseneder et al. 2005, 2007). Colonies
were considered simple families if the genotypes of
the workers were consistent with those expected for
the offspring of a single pair of parents and if the
frequencies of the observed genotypes did not differ
significantly from the expected Mendelian ratios (G-
test for goodness-of-fit summed across all loci). Col-
onies were considered extended families when they
had more genotypes than possible for the offspring of
amonogamous pair or the observed frequencies of the
genotypes deviated significantly from those expected
in simple families (P < 0.05, G-test).

To determine the degree of inbreeding within col-
onies, Fy, i.e., the heterozygosity deficit of individuals
relative to their colony, which in extended families is
largely dependant on the number of reproductives
(Thorne et al. 1999) , was calculated for each colony by
treating colonies as subpopulations (FSTAT). The
breeding system was further characterized by com-
paring the coefficient of inbreeding of individuals
relative to the total population (Fip), the genetic dif-
ferentiation between colonies (Foy), and the within-
colony relatedness (r) to the values predicted by sim-
ulations of a variety of possible reproductive systems
for subterranean termites (Thorne et al. 1999, Bulmer
et al. 2001). The 95% confidence intervals (Cls) were
constructed by bootstrapping over loci. Values with
overlapping Cls were considered as not significantly
different.

From the worker genotypes present in each of the
simple family colonies, the genotypes of the putative
parents were inferred. To test if parents originated
from the same colony, likelihood calculations were
performed as implemented in KINSHIP 1.3.1 (Good-
night and Queller 1999; available at http:/ / www.gsoft-
net.us/ GSoft.html). The null hypothesis assumed
pairs originated from unrelated colonies (r = 0),
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Table 2. Average weight, average head width, degrees of inbreeding within colonies (Fy¢), and heterozygosity (Ho) in colonies of the
Formosan subterranean termite in three different populations from the native (China) and the introduced range (Hawaii [HI| and Louisiana [LA])

China V‘{Zg‘t (I:I:r?j Fe Ho HI “{Z}‘g‘t (HI:I?]‘; Fe Ho LA V‘(fr‘;‘g];t (HI:I:()] Fe Ho wif
321 139 —017 066 266 116 028% 029 - 182 116 —030 044 054
426 145 —036 056 2 337 126 —020 060 2 226 122 —050 062 0.71
247 134 —004 054 3 238 119 —001 042 [87] 255 118 —009 026 032
212 131 000 063 4 356 131 -020 052 4 207 117 —004 037 092
259 133 —004 064 338 138 —030 037 5 274 123 —026 069 025
305 142  —004 050 352 138 —032 048 6 359 126 —039 052 022
288 135 —016 064 307 129 —027 044 227 115 —022 056 0.44
261 135 —015 068 304 115 —023 049 251 123 —034 056 0.64
198 131 —0.04 0.60 247 112 013 061 306 123 -050 071 071
287 134 —015 038 258 116 —002 037 10 185 112 —014 048 163
398 142 —031 085 246 121 011 040 11 227 125 —044 052 0.62
369 141 -038 0.71 302 122 0l6* 051 [0 189 118 —007 029 133
262 125 —005 041 13 236 121 —023 048 3.40
14 261 117 005 032 14 161 121 —011 036 077
15 367 121 —029 0.60
16 285 126 006 029
07 194 118 —011 061
18 220 114 —004 033
19 247 112 009 053
Mean simple family — — — — 2.95 122 —0.09 044 2.34 121 —027 051 1.06
SD — — [ 059 006 014 0.13 061 005 016 011 1.04
Mean all 298 137 —014 0.62 284 122 —009 045 235 120 —028 049 0.89
SD all 071 005 014 012 050 008 016 011 053 004 016 014 082

Sex ratios (m/f) among workers were determined in the Louisiana population only.

Simple family colonies are shown with light gray background; extended families shown with darker gray background. Ho is the average
proportion of heterozygote loci across all sampled individuals in each colony. Means for F; were calculated according to Queller and Goodnight
(1989). SD values were calculated from the standard errors derived from jackknifing over loci (1000 replications). Colonies in the Hawaiian
population with significantly positive F; values were excluded from calculations of means and from correlations (Figure 1).

whereas the alternate hypothesis assumed that pairs
originated from the same colony (r = the average nest
mate relatedness within all colonies of a given popu-
lation). Significance at the level of 5% was determined
by log likelihood tests using 10,000 series of pairs
created at random.

Because Fy values represent a relative measure of
heterozygote deficit within colonies that is highly sen-
sitive to the number of effective reproductives, we also
tested whether size of workers is influenced by their
actual genetic diversity, calculated directly from the
degree of heterozygosity of individuals. The level of
heterozygosity within colonies was measured by the
proportion of heterozygous loci of each individual in
each colony (Nei 1987). F; values and heterozygosity
were tested for significant correlation with body
weight and head width of workers in simple family
colonies and extended family colonies in each of the
three populations (Spearman’s rank correlation coef-
ficient p; SPSS).

Results

General characteristics of the microsatellite loci,
such as allele sizes, allele numbers, and observed and
expected heterozygosity are presented in Table 1.
Mean observed heterozygosity across all loci and col-
onies was not significantly different from the expected
heterozygosity in the introduced populations (Ha-
waii: P = 0.07; Louisiana: P > 0.20); the native pop-
ulation from China showed a slight heterozygote ex-

cess (P = 0.03, Wilcoxon signed ranks test). Genetic
diversity measured by the numbers of alleles per locus
was significantly higher in the native population from
China than in the introduced populations from Hawaii
and Louisiana (China versus Hawaii: P = 0.02; China
versus Louisiana: P < 0.001); allele numbers in the
Hawaiian population were higher than in the Louisi-
ana population with marginal significance (P = 0.05,
Mann-Whitney-U test).

Termites from all 19 sample sites on the island of
Oahu, HI, and all 14 sample sites within Louis Arm-
strong Park, New Orleans, LA, were genetically dif-
ferentiated at the 5% level and thus belonged to in-
dependent colonies (P < 0.001; 3,420 permutations for
samples from Hawaii and 1,820 permutations for sam-
ples from New Orleans; FSTAT). Genotypic frequen-
cies of termites from two sample sites within the pop-
ulation from China were not significantly different
(P = 0.14), indicating that these termites belonged to
the same colony. Morphometric and genotypic data of
termites from these two sample sites were therefore
combined.

Body weights of workers ranged from an average
across colonies of 2.35 = 0.53 (SD) mg in the New
Orleans population to 2.84 = 0.50 mg in the Hawaii
population and 2.98 *+ 0.71 mg in the China population
(Table 2). Worker weights were significantly different
between the three different populations (* = 8.97,
df = 2, P = 0.01, Kruskal-Wallis test). Mean worker
head widths in colonies ranged from 1.20 = 0.04 mm
in the New Orleans population to 1.22 = 0.07 mm in
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the Hawaiian population and 1.37 * 0.05 mm in the
Chinese population (Table 2). Head widths differed
significantly among the three populations (x* = 25.01,
df = 2, P < 0.001, Kruskal-Wallis test). Worker weight
was positively correlated with head width in each of
the three populations (Louisiana: Spearman’s p = 0.65,
P = 0.012; Hawaii: p = 0.73, P < 0.001; China: p = 0.94,
P < 0.001).

The number of antennal segments of workers from
the foraging populations of the 14 colonies from Lou-
isiana ranged from 10 to 15. No significant difference
was found between the number of antennal segment
of the foraging individuals from different colonies
(P = 0.17, Kruskal-Wallis test). The average number
of antennal segments of workers in each colony did
not correlate significantly to the average head width
(Spearman’s p = 0.11, P > 0.20) or weight of the
individuals (p = 0.50, P = 0.07). Also, the mean num-
ber of antennal segments in each colony was not cor-
related to Fic or heterozygosity (P > 0.20 in both
cases, n = 14 colonies).

The male to female ratio of the workers varied
widely among colonies of the Louisiana population
and ranged from strong female bias (0.22) to strong
male bias (3.40; Table 2). However, only in 4 of the 14
colonies (29%) did the sex ratio differ significantly
from 1:1 (G-test, Sokal and Rohlf 1995). The sex ratio
within colonies was not significantly correlated to the
average body weight of workers (Spearman’s p =
—0.54, P = 0.07) and the average head width of work-
ers (p = —0.37, P = 0.19, n = 14).

The proportion of simple and extended family col-
onies and the degrees of inbreeding varied among the
three populations. All 12 colonies (100%) from the
native population in China were extended families
headed by inbreeding neotenic reproductives. Hier-
archical F-statistics showed moderate inbreeding at
the level of the population (Fr = 0.18, 95% CI =
0.10-0.24, not overlapping zero), clear genetic differ-
entiation among colonies (For = 0.28,95% CI = 0.21-
0.31), a moderate degree of inbreeding within colo-
nies (F,c = —0.14, 95% CI = —0.23 to —0.05), and a
degree of relatedness not significantly different from
0.50 (r = 0.47, 95% CI = 0.40-0.53). Comparisons to
the previously published computer models (Thorne
et al. 1999, Bulmer et al. 2001, Vargo et al. 2003a,
2006) suggest that most of the extended family col-
onies in the native population were headed by a low
number of neotenics (on the order of five or less),
which had been inbreeding for fewer than three
generations.

Of the 19 colonies collected from the Island of
Oahu, HI, 7 colonies (37%) were simple families and
12 colonies (63%) were extended families. The genetic
distance among colonies in this introduced population
were large regardless of the breeding system of the
colonies (simple families: Fo = 0.42, 95% CI = 0.30-
0.55; extended families: For = 0.33, 95% CI = 0.20-
0.42). Simple families and extended families showed
high degrees of inbreeding at the population level
indicated by Fyr values significantly greater than zero
(simple families: Frr = 0.38, 95% CI = 0.25-0.52; ex-
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tended families: Frr = 029, 95% CI = 0.15-0.42).
Simple and extended families also showed consider-
able inbreeding within colonies (simple families:
Fic = —0.09,95% CI = —0.14 to —0.02; r = 0.62, 95%
CI = 0.49-0.72; extended families: F; = —0.10, 95%
CI = —0.10-0.03; r = 0.51, 95% CI = 0.35-0.60,
FSTAT). Comparison to the computer models
(Thorne et al. 1999, Bulmer et al. 2001, Vargo et al.
2003a, 2006) suggest that the majority of simple fam-
ilies were headed by inbreeding related pairs, either
nestmate alates or pairs of neotenics. A more detailed
analysis using KINSHIP 1.3.1 (Goodnight and Queller
1999) revealed that five (71%) of the seven simple
families were headed by putative nestmates. Extended
families were most likely headed by a moderately high
number of neotenics (on the order of <10) inbreeding
for up to three generations. Significantly positive Fy
values in two of the extended families indicate assor-
tative mating of groups of reproductives within colo-
nies or mixing of different colonies at the same for-
aging site (Table 2); these Fi. values were excluded
from correlations, because they are caused by a Wahl-
und effect and do not accurately reflect inbreeding
and numbers of reproductives within colonies
(Goudet 2001).

The breeding systems of the 14 colonies in Louis
Armstrong Park, New Orleans, LA, have been pub-
lished separately by Husseneder et al. (2005). Eight
colonies (47%) were simple families; all but one (88%)
were headed by outbred unrelated pairs of reproduc-
tives. Six colonies (53%) were extended families all
headed by alow number of neotenic reproductives (as
low as three as indicated by the strongly negative Fi
values; Table 2). The sex ratio of the workers was not
significantly different between simple and extended
families (P > 20, two-tailed Mann-Whitney U test).
Furthermore, sex ratios of workers were not corre-
lated to the degree of heterozygosity or inbreeding
(Fy) within colonies (Spearman’s p = —0.28, P > 0.20
and p = 0.32, P > 0.20, respectively).

No significant differences could be detected be-
tween simple and extended families in worker body
weight, head size, i, and degree of heterozygosity in
the populations of Hawaii and Louisiana (Table 2; P >
0.20 in all categories, two-tailed Mann-Whitney U
test). The Chinese population contained only ex-
tended families, and therefore, no similar comparison
was possible.

When simple and extended families were analyzed
across all populations, worker size in simple family
colonies was not correlated to Fy (weight, Spearman’s
p = —0.21, P > 0.20; head size, p = —0.39, P = 0.16)
or heterozygosity (weight, p = 0.37, P = 0.18; head
size, p = 0.44, P = 0.10,n = 15). F;; and heterozygosity
were correlated in simple families, where the number
of reproductives is always two (p = —0.85, P < 0.001),
but not in extended families (P > 0.20, n = 28), where
Fic is influenced by the number of reproductives
(Thorne et al. 1999). In extended family colonies, F;¢
showed significant correlations with the size-related
parameters (F;c and weight, p = —0.58, P = 0.001; F;
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and head size, p = —0.38, P = 0.044). Heterozygosity
in extended family colonies was not correlated to head
size (p = 0.43, P = 0.085) and weight (p = 0.23, P >
020, n = 28).

Figure 1 shows correlations of F; and head size and
weight of workers for simple and extended families in

each population separately. In extended families, Fy
was negatively correlated to both weight and head size
in the populations of Hawaii and China. In the Lou-
isiana population, the correlations were not signifi-
cant, probably because of the small sample size of
extended family colonies (n = 6).
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Discussion

We found a negative correlation between the size of
workers (measured in head width and body weight)
and the number of reproductives (inferred from the
coefficient of inbreeding of workers relative to their
colony mates, F;) in extended family colonies of the
Formosan subterranean termite. We tested several
possible factors that could explain this correlation.
First, we were able to rule out possible differences in
worker size caused by variation among colonies in the
predominant proportion of early or late instars among
the foragers. We found no significant difference in the
mean number of antennal segments of the workers
from different colonies. Also, the average number of
antennal segments was not correlated to the average
head width or weight of workers in colonies.

Second, we were able to exclude possible differ-
ences among colonies caused by variation in sex ratios
of worker. In C. formosanus, male alates had signifi-
cantly higher inbreeding levels than females, which
suggests that males originated from inbred extended
family colonies headed by neotenics, whereas females
were more likely to be produced by outbred simple
family colonies (Husseneder et al. 2006). Similarly, the
sex ratio in orphaned colonies headed by neotenics in
C. lacteus Froggatt and C. acinaciformis Froggatt was
strongly biased toward males (Lenz and Runko 1993,
Roisin and Lenz 2002). Male alates of the Formosan
subterranean termite have smaller heads and lower
body weight than females (C.H. and D.M. Simms,
unpublished data). If the same trends are true for
workers, inbred colonies would produce more males,
and their foraging population would thus have a lower
average body size and weight. However, the majority
of studied colonies had a worker sex ratio not signif-
icantly different from equality, and the sex ratio was
not correlated with Fi or heterozygosity. Thus, the
sex ratio in the colony cannot explain the correlation
of worker size and Fy..

Third, inbred individuals (born to closely related
parents) may show reduced fitness, e.g., in terms of
size, weight, survival, parasite load, and adult repro-
duction (Amos et al. 2001). This phenomenon is
known as inbreeding depression and is believed to be
a result of heterozygote deficit, which leads to de-
creased genetic diversity (less disease resistance) and
increased expression of recessive deleterious genes in
homozygotes (Blouin and Blouin 1988). In social spi-
ders, for example, morphological traits, such as growth
rate, juvenile body mass, and adult offspring body size,
were significantly reduced by inbreeding (Bilde et al.
2005). Similarly, crickets from inbred lines were
smaller than those from outbred lines and took longer
to develop (Rantala and Roff 2005). Indications that
some form of inbreeding depression may be operating
in subterranean termites have been previously re-
ported. Fei and Henderson (2003) found lower life-
time reproductive success of colonies raised from sib-
lings in C. formosanus; DeHeer and Vargo (2006)
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inferred lower survival rate of incipient colonies orig-
inating from siblings in R. flavipes.

Although the parental relatedness in simple family
colonies in our study spanned the whole spectrum
from outbred unrelated pairs to putative nest mate
pairs, and colonies showed a wide range of worker
sizes (Table 2), the average degree of heterozygosity
within colonies was not correlated with head size or
body weight of workers in simple families. Thus, the
parental relatedness alone, which determines the de-
gree of heterozygosity within these colonies, did not
explain the size differences in workers from different
simple family colonies.

In simple families, the correlation between the pro-
portion of heterozygote loci of the individuals and Fy,
at the colony level was significant. In extended fam-
ilies, this correlation weakens, because Fi is also
highly sensitive to the effective numbers of reproduc-
tives within extended family colonies. Fy; is strongly
negative for a pair of inbreeding neotenics (—0.14)
and increases with the number of neotenics repro-
ducing within the colony until it approaches zero
(Thorne et al. 1999, Bulmer et al. 2001). F values
were significantly correlated with size of workers in
extended families in the two populations with suffi-
cient numbers of extended families. The Louisiana
population contained only six extended families, and
number of reproductives was low in these colonies as
indicated by the highly negative F; values, which may
explain the lack of correlation.

The correlation of body weight and head width of
workers with the parameter F¢ in extended families
suggests that the difference in worker size among
colonies can be explained by the varying number of
inbreeding reproductives in colonies of the Formosan
subterranean termite. A similar relationship between
the number of reproductives and worker size has been
reported in other species. For example, workers from
polygynous colonies in Formica selysi Bondroit
(Schwander et al. 2005) and Solenopsis invicta Buren
(Goodisman and Ross 1996, Colby et al. 2007) are, on
average, smaller than workers from monogynous col-
onies. Similar to our findings, queen number and
worker size were negatively correlated in polygynous
colonies of S. invicta (Goodisman and Ross 1996).

The reasons why a larger number of reproductives
should produce smaller workers remain unknown.
However, it is plausible to assume that worker size and
body weight should be constrained by availability of
nutrients and costs of acquiring food. A colony with
many reproductives can potentially produce offspring
at a faster rate and in higher numbers than a colony
with few reproductives (Goodisman and Ross 1996).
If resources are limited or an increased need for food
results in a higher cost of acquisition (e.g., expanding
and maintaining the network of foraging tunnels), the
payoff for a high number of workers might be reduced
size caused by lower larval nutrition.

The influence of worker size on colony fitness has
not been explored in detail, and data are still ambig-
uous. Campora and Grace (2001) reported that larger
workers are initially more effective in building tunnels
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and would thus increase the foraging ability of a col-
ony. In contrast, larger worker size has been suggested
to be a sign of age and decline of colonies (Shimizu
1962, Grace et al. 1995). Increased worker size in older
colonies would be in agreement with our result, i.e.,
higher numbers of reproductives in extended family
colonies lead to smaller worker sizes, if older colonies
would be headed on the average by fewer neotenics;
unfortunately, to date there are no data available on
the number of effective reproductives in relation to
colony age. However, the decrease in colony popula-
tion size correlated with an increase in worker body
size in aging colonies noted by Grace et al. (1995) is
suggestive of a decrease in the number of active neo-
tenics.
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